Intratumoral hypoxia induces the recruitment of stromal cells, such as macrophages and mesenchymal stem cells (MSCs), which stimulate invasion and metastasis by breast cancer cells (BCCs). Production of macrophage colony-stimulating factor 1 (CSF1) by BCCs is required for macrophage recruitment, but the mechanisms underlying CSF1 expression have not been delineated. Triplenegative breast cancers have increased expression of genes regulated by hypoxia-inducible factors (HIFs). In this study, we delineate two feed-forward signaling loops between human MDA-MB-231 triple-negative BCCs and human MSCs that drive stromal cell recruitment to primary breast tumors. The first loop, in which BCCs secrete chemokine (C-X-C motif) ligand 16 (CXCL16) that binds to C-X-C chemokine receptor type 6 (CXCR6) on MSCs and MSCs secrete chemokine CXCL10 that binds to receptor CXCR3 on BCCs, drives recruitment of MSCs. The second loop, in which MSCs secrete chemokine (C-C motif) ligand 5 that binds to C-C chemokine receptor type 5 on BCCs and BCCs secrete cytokine CSF1 that binds to the CSF1 receptor on MSCs, drives recruitment of tumor-associated macrophages and myeloid-derived suppressor cells. These two signaling loops operate independent of each other, but both are dependent on the transcriptional activity of HIFs, with hypoxia serving as a pathophysiological signal that synergizes with chemokine signals from MSCs to trigger CSF1 gene transcription in triple-negative BCCs.
B
reast cancer metastasis transforms a local disease that is cured by surgical excision into a systemic disease that responds poorly to available therapies and is the major cause of patient mortality (1) . Although somatic mutations have been cataloged in hundreds of human breast cancers and many genes that promote or suppress metastasis have been identified, the analysis of genetic alterations cannot reliably distinguish metastatic from nonmetastatic cancers (1) (2) (3) . Multiple stromal cell types, including mesenchymal stem cells (MSCs) and tumorassociated macrophages (TAMs), are recruited to the tumor microenvironment and promote metastasis (4, 5) . In mouse models, MSCs produce chemokines, including chemokine (C-C motif) ligand 5 (CCL5) and chemokine (C-X-C motif) ligand 10 (CXCL10), which bind to their cognate receptors, chemokine receptor type 5 (CCR5) and C-X-C chemokine receptor type 3 (CXCR3), respectively, on breast cancer cells (BCCs) to stimulate invasion and metastasis (6) (7) (8) (9) . TAMs are abundant in breast cancer and outnumber the BCCs in some cases (10) . The density of TAMs in primary breast cancer biopsies is correlated with metastasis and patient mortality (11) (12) (13) . In mouse models, macrophage colony-stimulating factor 1 (CSF1) and the chemokine CCL2 are secreted by BCCs and bind to their cognate receptors, CSF1 receptor (CSF1R) and CCR2, on TAMs, leading to their recruitment to the tumor microenvironment, where they produce EGF and other secreted proteins that promote invasion and metastasis (14) (15) (16) (17) (18) (19) .
Intratumoral hypoxia is another major microenvironmental factor that is associated with invasion, metastasis, and patient mortality (20) (21) (22) . Cancer cells respond to the hypoxic microenvironment through the activity of hypoxia-inducible factors (HIFs), which are heterodimeric transcription factors composed of an O 2 -regulated HIF-1α or HIF-2α subunit and a constitutively expressed HIF-1β subunit (23) . In primary tumor biopsies, elevated HIF-1α or HIF-2α protein levels are associated with an increased risk of metastasis and mortality that is independent of breast cancer grade or stage (24) (25) (26) (27) (28) . HIF-1α, HIF-2α, or both are required for the transcriptional activation of a battery of hypoxia-inducible genes whose protein products are required for discrete steps in the process of breast cancer invasion and metastasis (29) (30) (31) (32) (33) (34) . High expression of HIF target genes is commonly observed in triple-negative breast cancers (TNBCs), which lack estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2 (HER2) expression and respond poorly to chemotherapy (2) .
Both MSCs and TAMs are recruited to the hypoxic breast tumor microenvironment (9, 35) , although the underlying mechanisms are not fully understood. In the present study, we hypothesized that the presence of MSCs in the primary breast tumor may facilitate TAM recruitment. Our studies of human MDA-MB-231 TNBC cells in immunodeficient mice revealed that HIFs regulate the hypoxia-induced expression of CXCL16 in BCCs, which was required for MSC recruitment. CCL5→CCR5 signaling between MSCs and BCCs was required for CSF1 expression by BCCs, which was also induced by hypoxia. Expression of CSF1 and CCR5 by BCCs was required for TAM recruitment and BCC metastasis. HIF-dependent recruitment of
Significance
The recruitment of host stromal cells, such as macrophages and mesenchymal stem cells (MSCs), to the primary tumor is a critical step toward cancer malignancy. We have identified signals that are exchanged between breast cancer cells (BCCs) and MSCs. This signaling increases the recruitment of both MSCs and macrophages to primary tumors and increases metastasis of BCCs to lymph nodes and lungs. Reduced oxygen levels (hypoxia) in breast cancers are associated with increased risk of metastasis and decreased patient survival. We show that hypoxia stimulates signaling between BCCs and MSCs due to the activity of hypoxia-inducible factors (HIFs). Drugs that block HIF activity prevent signaling and macrophage recruitment, which suggests that they may be useful additions to breast cancer therapy.
TAMs was also demonstrated after implantation of mouse 4T1 TNBC cells into the mammary fat pad (MFP) of immunocompetent mice. Taken together, these results delineate molecular mechanisms by which intratumoral hypoxia regulates the recruitment of MSCs and TAMs, and their interaction with TNBCs, to stimulate invasion and metastasis.
Results

CXCL16
Expression by BCCs Stimulates MSC Recruitment. We previously demonstrated that hypoxia-induced expression of placental growth factor (PGF) by MDA-MB-231 BCCs provides a signal for the recruitment of MSCs to primary breast tumors and stimulates MSCs to express CXCL10, which binds to CXCR3 on BCCs (CXCL10 MSC →CXCR3 BCC ) to stimulate invasion and metastasis (9) . We also showed that CXCR3 expression by BCCs was required for CXCL10 expression by MSCs, but the responsible signal from BCCs to MSCs was not identified (9) . CXCL16 expression by prostate cancer cells was shown to promote MSC recruitment (36) , and CXCL16 expression by BCCs has been reported (37) . We cocultured GFP-expressing human MDA-MB-231 BCCs with human MSCs at a 1:1 ratio for 48 h under 20% or 1% O 2 , and flow cytometry was performed using GFP and CD105 immunofluorescence to sort for BCCs and MSCs, respectively. RNA was isolated from the sorted cells and RT-quantitative real-time PCR (qPCR) revealed that CXCL16 expression by BCCs was induced following coculture and that hypoxia further enhanced expression (Fig. 1A) . The expression of CXCR6, a receptor for CXCL16, was induced by hypoxia in BCCs, as previously reported (38) , as well as in MSCs, but coculture did not enhance its expression (Fig. 1B) .
We hypothesized that CXCL10 MSC →CXCR3 BCC signaling might stimulate CXCL16 BCC →CXCR6 MSC reciprocal signaling. To test this hypothesis, we analyzed BCC subclones stably transfected with shRNAs that inhibit CXCR3 expression (9) . CXCL16 expression in CXCR3-deficient BCCs was not induced by coculture with MSCs or by hypoxia (Fig. 1C) . We next added neutralizing antibody (NAb) against CXCL10 or control IgG to cocultures of MSCs and BCCs. CXCL16 mRNA expression was significantly decreased in the presence of CXCL10 NAb (Fig. 1D) .
We also hypothesized that CXCL16 BCC →CXCR6 MSC signaling might stimulate CXCL10 MSC →CXCR3 BCC reciprocal signaling. To test this hypothesis, we generated BCC subclones that were stably transfected with shRNAs that inhibit CXCL16 expression (Fig. S1 ). CXCL10 expression in MSCs cocultured with CXCL16-deficient BCCs was significantly decreased and was not induced by hypoxia (Fig. 1E) .
To investigate whether CXCL16 secretion from BCCs stimulated the motility of MSCs, we isolated conditioned medium (CM) from CXCL16-deficient BCCs or BCCs expressing a nontargeting control (NTC) shRNA. CM from CXCL16-deficient BCCs induced significantly less MSC migration in a Boyden chamber assay, and the augmented effect of CM from hypoxic control BCCs was not observed with CXCL16-deficient BCCs (Fig. 1F) . To determine whether CXCL16 secretion from BCCs promotes recruitment of MSCs to the primary tumor, BCCs were orthotopically implanted in the MFP of female SCID mice. When the tumors reached a volume of 250 mm 3 , MSCs that were originally derived from a male donor were injected via the tail vein. Primary tumors were harvested 16 h later, and MSC recruitment was determined by qPCR assay of genomic DNA using Y chromosome-specific primers (9) . CXCL16 deficiency in BCCs significantly decreased the recruitment of MSCs to the primary tumor (Fig. 1G) . Taken together, these results delineate CXCL16 BCC →CXCR6 MSC and CXCL10 MSC →CXCR3 BCC reciprocal signaling, which creates a feed-forward loop between BCCs and MSCs that drives MSC recruitment to the primary tumor (Fig. 1H) . Because CXCL16 BCC →CXCR6 MSC signaling was required for CXCL10 MSC →CXCR3 BCC signaling, which stimulates invasion and metastasis (9), we hypothesized that CXCL16 expression was required for efficient metastasis. To test this hypothesis, control or CXCL16-deficient BCCs were orthotopically implanted in the MFP of female SCID mice. CXCL16 deficiency had no effect on primary tumor growth ( Fig. 2A) . However, mice bearing CXCL16-deficient tumors had significantly decreased numbers of circulating tumor cells (Fig. 2B) , metastatic cancer cells in the lungs by qPCR (Fig. 2C) and metastatic foci in the lungs by histology (Fig. 2 D and E) , and metastatic cancer cells in the ipsilateral axillary lymph node (Fig.  2 F and G (Fig. 3A) . When primary tumors reached 450 mm 3 , they were excised and single-cell suspensions were analyzed by flow cytometry for the presence of TAMs, which express CSF1R and F4/80 on their cell surface, and myeloid-derived suppressor cells (MDSCs; TAM progenitors), which express CD11b and Ly6C. CSF1R + F4/80 + and CD11b + Ly6C + cells were increased in tumors derived from BCC + MSC coculture compared with tumors derived from BCCs alone or BCC + MSC coinjection ( Recent studies have shown that exposure of macrophages to levels of hypoxia that are comparable to what is observed in tumors leads to induction of HIF-1α and HIF-2α, which, in turn, activate a broad array of genes with proangiogenic, proinvasive, and prometastatic functions (39, 40) . TAM numbers are generally higher in tumors containing high overall levels of hypoxia, as seen in primary human breast carcinomas (41) and various animal tumors (42) . To investigate whether HIF activity in BCCs plays a role in TAM recruitment, we used the MDA-MB-231 double-knockdown (DKD) subclone, which is stably transfected with vectors encoding shRNAs that inhibit HIF-1α and HIF-2α, and the empty vector (EV) subclone (9) . The BCC subclones were injected into the MFP of female SCID mice, and tumors were harvested for flow cytometric analysis when they reached a volume of 450 mm 3 ( Fig. 3D ). The recruitment of TAMs and MDSCs to tumors derived from DKD cells was significantly decreased compared with EV tumors ( We next examined the effect of HIFs on macrophage recruitment by treating tumor-bearing mice with digoxin to inhibit HIF activity (30, 31) . When tumors reached 200 mm 3 , mice received daily i.p. injections of either saline or digoxin (2 mg/kg) for 7 d, followed by tumor excision and flow cytometric analysis (Fig. 3G) . Recruitment of TAMs and MDSCs was significantly decreased in primary tumors of digoxin-treated mice ( Expression. Previous studies demonstrated reciprocal paracrine interactions in which BCCs secrete CSF1 and sense EGF, whereas TAMs sense CSF1 and secrete EGF (16) (17) (18) , but the trigger for CSF1 expression was not determined. CSF1 binds to its cognate receptor, CSF1R, which is expressed by TAMs; however, CSF1R is also expressed in >50% of breast tumors, which suggests that CSF1 mediates both autocrine and paracrine signaling (14) (15) (16) (17) (18) (Fig. 4A) , whereas CSF1R mRNA expression was induced in both MSCs and BCCs (Fig. 4C) . Expression of both CSF1 and CSF1R was augmented in BCCs subjected to hypoxia (Fig. 4 A and C) .
To investigate the role of HIFs in these phenomena, MSCs were cocultured with the DKD or EV subclone of BCCs. Expression of CSF1 and CSF1R mRNA was significantly decreased in DKD + MSC, compared with EV + MSC, cocultures at both 20% and 1% O 2 (Fig. 4 B and D) . Levels of secreted CSF1 protein were also significantly decreased in CM isolated from DKD + MSC, compared with EV + MSC, cocultures (Fig. S3A) . Pharmacological inhibition of HIF activity using acriflavine, which blocks the dimerization of HIF-1α or HIF-2α with HIF-1β (43), inhibited coculture-and hypoxia-induced CSF1 and CSF1R mRNA expression (Fig. 4 E and F) . Taken together, these results indicate that cross-talk between BCCs and MSCs is mediated through HIF-dependent CSF1→CSF1R signaling.
CSF1 Promotes Macrophage Recruitment and Metastasis. We generated MDA-MB-231 subclones that were stably transfected with vector encoding either of two different shRNAs targeting CSF1. Efficient knockdown of CSF1 mRNA expression and protein secretion was confirmed by RT-qPCR and ELISA, respectively ( Fig. S3 B and C) . Coculture-induced CSF1 secretion was also abrogated (Fig. S3C ). CSF1 deficiency had no effect on primary tumor growth after MFP implantation (Fig. 5A ). Mice bearing tumors derived from CSF1-deficient BCCs had significantly decreased numbers of circulating tumor cells (Fig. 5B) , metastatic cancer cells (Fig. 5C ) and metastatic foci (Fig. 5 D and E) in the lungs, metastatic cancer cells in the ipsilateral axillary lymph node (Fig. 5 F and G) , and CSF1R + F4/80 + TAMs (Fig. 5H ) and CD11b + Ly6C + MDSCs (Fig. 5I ) recruited to the primary tumor. These data demonstrate that CSF1 expression in BCCs plays a significant role in promoting macrophage recruitment and metastasis to both lymph nodes and lungs.
CCL5→CCR5 Signaling Between MSCs and BCCs Is Required for CSF1
Expression. Previous studies showed that CCL5→CCR5 signaling stimulates breast cancer metastasis (6) and that coculture and hypoxia induce the expression of CCL5 in MSCs and its cognate receptor CCR5 in BCCs (9, 44) . However, neither the upstream trigger nor the downstream effector of CCL5→CCR5 signaling was delineated. To investigate whether CCL5→CCR5 signaling regulates CSF1 expression, CCL5 NAb was added to cocultures of MSCs and BCCs. Expression of both CCL5 (Fig. 6A) and CCR5 (Fig. 6B ) mRNA was significantly decreased in the presence of CCL5 NAb. Blocking CCL5→CCR5 signaling also significantly decreased CSF1 mRNA levels (Fig. 6C) . Next, we generated MDA-MB-231 subclones stably transfected with vector encoding either of two different shRNAs, which inhibited expression of CCR5 mRNA (Fig. S4A ) and cell surface protein (Fig. S4B ). CCR5 deficiency in BCCs blocked the induction of CSF1 mRNA expression by coculture or hypoxia (Fig. 6D) . Remarkably, CSF1 deficiency in BCCs abrogated hypoxia-and coculture-induced CCL5 mRNA expression by MSCs (Fig. 6E) . Taken together, these results demonstrate that CSF1 expression by BCCs is regulated by CCL5 MSC →CCR5 BCC signaling and that CCL5 expression by MSCs is regulated by CSF1 BCC →CSF1R MSC signaling, indicating the existence of a second feed-forward loop, which, in this case, promotes the recruitment of TAMs and MDSCs to primary breast tumors (Fig. 6F ).
CCR5 Promotes Macrophage Recruitment and Metastasis. To investigate the role of CCR5 in breast cancer pathogenesis further, CCR5-deficient BCCs were implanted in the MFP of female SCID mice. CCR5 deficiency had no effect on primary tumor growth (Fig. 7A) . However, mice bearing CCR5-deficient tumors showed significantly decreased numbers of circulating tumor cells (Fig. 7B) , metastatic cancer cells (Fig. 7C ) and metastatic foci ( Fig. 7 D and E) in the lungs, metastatic cancer cells in lymph nodes (Fig. 7 F and G) , and TAMs (Fig. 7H) and MDSCs (Fig.  7I ) recruited to the primary tumor. These results indicate that CCR5 expression by BCCs promotes macrophage recruitment and metastasis.
CSF1 and CCR5 Are HIF Target Genes. Analysis of the human CSF1 gene sequence revealed two candidate HIF binding sites located 0.6 kb (site 1) and 2.5 kb (site 2) 5′ to the transcription start site (Fig. 8A) . To determine whether HIFs bind to these sites, ChIP assays were performed with MDA-MB-231 BCCs, which demonstrated hypoxia-induced binding of HIF-1α (Fig. 8B) , HIF-1β (Fig. 8C) , and HIF-2α (Fig. 8D) to site 1 and hypoxia-induced binding of HIF-1α ( Fig. 8E ) and HIF-1β (Fig. 8F ), but not HIF-2α (Fig. 8G) , to site 2. Analysis of the human CCR5 gene sequence revealed candidate HIF binding sites in the 5′-flanking and 3′-untranslated regions, 1,370 bp 5′ (site 1) and 8,065 bp 3′ (site 2) of the transcription start site, respectively (Fig. 8H) . ChIP assays revealed hypoxia-induced binding of HIF-2α and HIF-1β, but not HIF-1α, to site 1 (Fig. 8 I-K) and hypoxia-induced binding of HIF-1α and HIF-1β, but not HIF-2α, to site 2 ( Fig. 8 L-N) . Taken together, the ChIP data demonstrate that the human CSF1 and CCR5 genes are directly regulated by both HIF-1 and HIF-2.
CCL5 and CSF1 Stimulate Macrophage Migration. To study macrophage migration directly, we isolated bone marrow cells from BALB/c mice and incubated them in the presence of CSF1 to stimulate macrophage (BM-Mϕ) differentiation, with CSF1R +
F4/80
+ cells representing 80% of the final population (Fig. 9A ). CM from BCCs + MSCs cocultured at 20% O 2 stimulated BM-Mϕ migration, and the effect was augmented when CM from hypoxic cocultures was used (Fig. 9B) . The stimulatory effect of CM from cocultures was abrogated when CCL5 NAb was added to the CM (Fig. 9C) or when CSF1-deficient BCCs were used (Fig. 9D) . These results indicate that coculture-and hypoxia-induced CCL5 and CSF1 expression stimulate BM-Mϕ migration.
HIFs Are Required for Macrophage Recruitment and Metastasis in a Syngeneic Mouse Mammary Carcinoma Model. To investigate the role of HIFs in macrophage recruitment in an immunocompetent model of TNBC, we used 4T1 mouse mammary carcinoma cells, which form primary tumors and metastases similar to human TNBC after implantation into the MFP of syngeneic BALB/c mice (45) . We generated 4T1 subclones that were stably transfected with vectors encoding NTC shRNA or shRNA(s) that inhibited the expression of HIF-1α (sh1α), HIF-2α (sh2α), or both (DKD) (Fig. S5A) . After orthotopic implantation in the MFP of female BALB/c mice, the growth of primary tumors derived from sh1α or DKD cells was significantly decreased compared with tumors derived from sh2α or NTC cells ( Fig. 10 A and B) . The numbers of metastatic nodules in lungs (Fig. 10C ) and metastatic foci in axillary lymph nodes (Fig. 10D) harvested from mice implanted with sh1α, sh2α, or DKD cells were significantly decreased compared those from mice implanted with NTC cells. Recruitment of TAMs (Fig. 10E and Fig. S5B ) and MDSCs ( Fig. 10F and Fig. S5C ) was significantly decreased in primary tumors derived from sh1α and DKD cells compared with tumors derived from sh2α or NTC cells. Taken together, these data indicate that HIFs are required for primary tumor growth, macrophage recruitment, and metastasis of TNBCs in immunocompetent mice.
Breast Cancer Gene Expression Data Suggest Signaling Pathways Are
Clinically Relevant. To determine whether the two bidirectional signaling loops that were delineated in BCC-MSC cocultures are clinically relevant, we analyzed microarray gene expression data obtained from 530 primary human breast cancers, 63 samples of adjacent normal breast tissue, and 6 metastases (2). We demonstrated that CXCR3 expression (and activation) in BCCs was required for the induction of CXCL16 expression in BCCs in response to coculture with MSCs and exposure to hypoxia (Fig. 1) , and Pearson's test revealed that CXCR3 and CXCL16 mRNA levels were highly correlated (P = 10
) in the clinical specimens. Similarly, we demonstrated that CCR5 expression (and activation) in BCCs was required for the induction of CSF1 expression in BCCs in response to coculture and hypoxia (Fig. 6) , and Pearson's test revealed that CCR5 and CSF1 mRNA levels were highly correlated (P = 10
) in the clinical specimens.
Discussion
In this study, we have delineated two HIF-regulated feed-forward signaling loops between BCCs and MSCs that drive stromal cell recruitment to primary breast tumors (Fig. 11) . The first loop, involving CXCL16 BCC →CXCR6 MSC and CXCL10 MSC →CXCR3 BCC signaling arms, with each arm stimulating the activity of the other, drives recruitment of MSCs. The second loop, involving CCL5 MSC →CCR5 BCC and CSF1 BCC →CSF1R MSC signaling arms, with each arm stimulating the activity of the other, drives recruitment of TAMs and MDSCs. These two pathways operate independent of each other, but both are dependent on HIF activity, with hypoxia serving as a physiological signal that synergizes with chemokine signals from MSCs to trigger CSF1 and CCR5 gene transcription in BCCs.
The recruitment of MSCs promotes cancer progression and metastasis (6) (7) (8) (9) . In a previous study, we showed that PGF secretion by BCCs facilitates the recruitment of MSCs to breast tumors and that PGF binds to VEGF receptor 1 (VEGFR1) on MSCs to stimulate CXCL10 expression (9) . In the present study, we have demonstrated that in addition to PGF, CXCL16 secretion by hypoxic BCCs recruits MSCs to primary breast tumors. Furthermore, whereas PGF BCC →VEGFR1 MSC signaling is unidirectional, we show that CXCL16 BCC →CXCR6 MSC signaling is part of a bidirectional feed-forward loop that activates CXCR3 signaling in BCCs (Fig. 11) , which is proinvasive and prometastatic (9) . As a result, CXCL16 deficiency markedly impaired lymph node and lung metastasis of BCCs.
Elegant studies have demonstrated that CSF1 expression by BCCs promotes macrophage recruitment and metastasis in mouse models of breast cancer (15) (16) (17) (18) . Elevated serum levels of CSF1 predict lymph node involvement in women with early-stage breast cancer and decreased overall survival in postmenopausal patients with breast cancer (46) . However, the mechanisms by which CSF1 expression is induced in BCCs had not been delineated. Similarly, CCL5 MSC →CCR5 BCC signaling was linked to invasion and metastasis (6, 47) , but the upstream trigger and downstream effector had not been delineated. We have now unified these observations by showing that CCL5 MSC →CCR5 BCC signaling induces CSF1 expression in BCCs, which serves to recruit CSF1R + TAMs, as well as feeding back to stimulate CCL5 expression by MSCs (Fig. 6H) .
HIF activity in cancer cells plays critical roles in the production of angiogenic growth factors and the mobilization of bone marrow-derived angiogenic cells, which are blocked by treating tumor-bearing mice with HIF inhibitors (43) . Treatment of mice bearing primary breast tumors with acriflavine or digoxin potently inhibits metastatic niche formation and blocks lung and lymph node metastasis (30, 31, 48) . Hypoxia induces HIFdependent expression of genes in BCCs that activate cell motility (34), ECM remodeling (32, 33) , lymphangiogenesis, and lymph node metastasis (31), as well as extravasation and lung metastasis (30) . The present study now identifies recruitment of MSCs, TAMs, and MDSCs as additional components of the metastatic process that are stimulated by intratumoral hypoxia in an HIFdependent manner. Finally, both human MDA-MB-231 and mouse 4T1 cells are preclinical models for the 15% of human breast cancers, designated as TNBC, that do not express progesterone, estrogen, or HER2 receptors and manifest the basal/ claudin-low gene expression pattern. Further studies are required to determine whether these same HIF-driven intercellular signaling mechanisms are also activated by hypoxia in estrogen/ progesterone receptor-positive and HER2 + breast cancers. Targeted therapies are not available for TNBCs, which are treated with cytotoxic chemotherapy to which <20% of patients show a durable response. The basal/claudin-low gene expression pattern is characterized by increased expression of HIF target genes (2) . Our data show that two HIF inhibitors, acriflavine and (6) , and PGF→VEGFR1→CXCL10→CXCR3 (BCC-MSC) signaling (9) were described previously. Data from the current study have delineated a feed-forward loop involving CXCL10, CXCR3, CXCL16, and CXCR6 that drives recruitment of MSCs and a second feed-forward loop involving CCL5, CCR5, CSF1, and CSF1R that drives recruitment of MDSCs and TAMs.
digoxin, blocked signaling and recruitment of TAMs and MDSCs, suggesting that addition of HIF inhibitors to existing therapeutic regimens may improve the clinical outcome in patients with TNBC.
Materials and Methods
Cell Lines and Culture. Mycoplasma-free and molecularly authenticated human MDA-MB-231 BCCs were maintained in high-glucose (4.5 mg/mL) DMEM with 10% FBS and 1% penicillin/streptomycin. The 4T1 mouse mammary carcinoma cells (American Type Culture Collection) were maintained in RPMI-1640 with 10% FBS and 1% penicillin/streptomycin. Human bone marrowderived MSCs (49) were obtained from the Tulane Center for Gene Therapy. MSCs were maintained in α-MEM supplemented with 20% FBS and 1% penicillin/streptomycin. Cells were maintained at 37°C in a 5% CO 2 and 95% air incubator (20% O 2 ). Hypoxic cells were maintained at 37°C in a modular incubator chamber (Billups-Rothenberg) flushed with a gas mixture containing 1% O 2 , 5% CO 2 , and 94% N 2 . For coculture experiments, equal numbers of MSCs and BCCs were seeded in a 1:1 ratio of DMEM/10% FBS and α-MEM/20% FBS.
Transduction with shRNA Vectors. The pLKO.1-puro lentiviral vectors encoding shRNA targeting human CSF1 (clone ID: NM_000757), human CCR5 (clone ID: NM_000579), mouse HIF-1α (clone ID: NM_010431), and mouse HIF-2α (clone ID: NM_010137) were purchased from Sigma-Aldrich. The recombinant vectors were cotransfected with plasmid pCMV-dR8.91 and plasmid encoding vesicular stomatitis virus G protein into 293T cells using FuGENE 6 (Roche Applied Science). Viral supernatant was collected 48 h posttransfection, filtered (0.45-μm pore size), and added to MDA-MB-231 cells in the presence of 8 μg/mL polybrene (Sigma-Aldrich). Puromycin (0.5 μg/mL) was added to the medium of cells transduced with pLKO.1-puro vectors for selection.
RT-qPCR. Total RNA was extracted from cells using TRIzol (Invitrogen) and treated with DNase I (Ambion). One microgram of total RNA was used for first-strand DNA synthesis with the iScript cDNA Synthesis system (BioRad). qPCR was performed using human-specific primers and SYBR Green qPCR Master Mix (Fermentas). For each primer pair, the annealing temperature was optimized by gradient PCR. The expression of each target mRNA relative to 18S rRNA was calculated based on the threshold cycle (Ct) as 2 −Δ(ΔCt) , where ΔCt = Ct target − Ct 18S and Δ(ΔCt) = ΔCt test − ΔCt control (22) . Primer sequences are provided in Table S1 .
Animal Studies. Female 5-to 7-wk-old SCID (National Cancer Institute) or BALB/c (Charles River Laboratories) mice were studied according to protocols approved by the Johns Hopkins University Animal Care and Use Committee that were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (50). Digoxin and saline for injection were obtained from the research pharmacy of the Johns Hopkins Hospital. BCCs were harvested by trypsinization, washed twice in PBS, counted, and suspended at 10 7 cells/mL in a 1:1 solution of PBS and Matrigel (Corning).
Mice were anesthetized, and 2 × 10 6 cells were injected into the MFP. Primary tumors were measured in three dimensions (a, b, and c), and volume (V) was calculated as V = abc × 0.52. Primary tumors and the ipsilateral axillary lymph node were harvested (31) . Lungs were perfused with PBS, and one lung was inflated for formalin fixation, paraffin embedding, and staining with H&E; the other lung was used to isolate genomic DNA for qPCR to quantify human HK2 and mouse 18S rRNA gene sequences, as previously described (30) .
Circulating Tumor Cell Assay. Total RNA isolated from 0.5 mL of whole blood was subjected to qPCR using primers specific for human 18S rRNA (31) . tumor was harvested after 16 h. MSCs recruited to the primary tumor were determined by qPCR analysis of SRY copy number (9) .
